Segmented negative-sense viruses of the family Arenaviridae encode a large polymerase (L) protein that contains all of the enzymatic activities required for RNA synthesis. These activities include an RNA-dependent RNA polymerase (RdRP) and an RNA endonuclease that cleaves capped primers from cellular mRNAs to prime transcription. Using purified catalytically active Machupo virus L, we provide a view of the overall architecture of this multifunctional polymerase and reconstitute complex formation with an RNA template in vitro. The L protein contains a central ring domain that is similar in appearance to the RdRP of dsRNA viruses and multiple accessory appendages that may be responsible for 5′ cap formation. RNA template recognition by L requires a sequence-specific motif located at positions 2-5 in the 3′ terminus of the viral genome. Moreover, L-RNA complex formation depends on single-stranded RNA, indicating that inter-termini dsRNA interactions must be partially broken for complex assembly to occur. Our results provide a model for arenavirus polymerase-template interactions and reveal the structural organization of a negativestrand RNA virus L protein. Arenavirus RNA synthesis initiates after the cytosolic delivery of two encapsidated segments, each associated with L. Each segment encodes two genes in an ambisense orientation divided by a highly structured intergenic region (IGR). Transcription initiates from the 3′ end of both the genomic and antigenomic templates and terminates at the IGR, yielding capped nonpolyadenylated transcripts (6). Heterogenic 5′ terminal mRNA sequences and dependency on host cell transcription reveal that L primes mRNA synthesis with cleaved host-cell RNA cap structures (7-9). Cytoplasmic extracts from infected cells support RNA synthesis and indicate L initiates replication at an internal element in the 3′ terminus to generate a pppGpC primer. This L-RNA complex then realigns with the terminal nucleotide to allow production of a full-length antigenomic RNA (10).
Segmented negative-sense viruses of the family Arenaviridae encode a large polymerase (L) protein that contains all of the enzymatic activities required for RNA synthesis. These activities include an RNA-dependent RNA polymerase (RdRP) and an RNA endonuclease that cleaves capped primers from cellular mRNAs to prime transcription. Using purified catalytically active Machupo virus L, we provide a view of the overall architecture of this multifunctional polymerase and reconstitute complex formation with an RNA template in vitro. The L protein contains a central ring domain that is similar in appearance to the RdRP of dsRNA viruses and multiple accessory appendages that may be responsible for 5′ cap formation. RNA template recognition by L requires a sequence-specific motif located at positions 2-5 in the 3′ terminus of the viral genome. Moreover, L-RNA complex formation depends on single-stranded RNA, indicating that inter-termini dsRNA interactions must be partially broken for complex assembly to occur. Our results provide a model for arenavirus polymerase-template interactions and reveal the structural organization of a negativestrand RNA virus L protein.
segmented negative-strand RNA virus | L protein structure | RNA binding | electron microscopy T he enzymatic machinery for RNA synthesis in viruses of the Arenaviridae and Bunyaviridae, two families of segmented negative-strand RNA viruses, is contained within a single large polymerase (L) protein. This protein is 250-450 kDa in size and is functionally analogous to the large polymerase proteins of nonsegmented negative-strand RNA viruses. The template for RNA synthesis consists of genomic RNA encapsidated by the viral nucleocapsid protein (NP). Structures of NP-RNA complexes from nonsegmented negative-sense RNA viruses indicate that L must transiently displace NP during RNA synthesis (1) (2) (3) (4) (5) .
Arenavirus RNA synthesis initiates after the cytosolic delivery of two encapsidated segments, each associated with L. Each segment encodes two genes in an ambisense orientation divided by a highly structured intergenic region (IGR). Transcription initiates from the 3′ end of both the genomic and antigenomic templates and terminates at the IGR, yielding capped nonpolyadenylated transcripts (6) . Heterogenic 5′ terminal mRNA sequences and dependency on host cell transcription reveal that L primes mRNA synthesis with cleaved host-cell RNA cap structures (7) (8) (9) . Cytoplasmic extracts from infected cells support RNA synthesis and indicate L initiates replication at an internal element in the 3′ terminus to generate a pppGpC primer. This L-RNA complex then realigns with the terminal nucleotide to allow production of a full-length antigenomic RNA (10) .
The terminal sequences of arenavirus and bunyavirus segments exhibit inverted complementarity and electron micrographs reveal that the termini interact (11) (12) (13) (14) (15) . The resulting panhandle structure is thought to recruit L to the template for RNA synthesis. Consistent with this idea, substitutions at positions 13-19 of the 3′ end of a Lassa virus (LASV) genomic analog that diminish gene expression are complemented by changes at the 5′ terminus that restore the base pairing potential of the termini (16) . A lack of in vitro biochemical assays has restricted direct tests of this model, and our understanding of arenavirus L protein and the polymerase-template complex remain limited.
Here, we report the overall architecture of an arenavirus L protein and define the RNA sequence requirements for template binding. We purified catalytically active Machupo virus (MACV) L and used negative stain electron microscopy (EM) to determine its organization. MACV L forms a core ring-structure that is decorated by an arm-like domain and small globular appendages. We propose that the central ring contains the RNAdependent RNA polymerase (RdRP) and that the appendages are involved in cap formation. Using purified L, we reconstitute RNA synthesis and template complex formation in vitro and also establish a cell-based MACV replicon system. Using those assays, we define the RNA requirements for complex assembly and identify the promoter ssRNA motif 3′ N 1-2 HKUG 5′ as essential for L recruitment. This work provides insight into RNA synthesis initiation that likely applies to all arenaviruses and bunyaviruses and reveals initial structural information regarding the L proteins of segmented negative-strand RNA viruses.
Results

Purification and EM Characterization of a Functional MACV L Protein.
A cDNA of the MACV L gene was assembled in a T7 expression vector (pL) and used to support the replication of a modified MACV S segment encoding eGFP as described in SI Methods (Fig. 1A) . The L gene encodes a functional polymerase as shown by the expression of eGFP in cells (Fig. 1B) . A conserved motif present in the core polymerase domain has been predicted to coordinate a catalytically essential magnesium ion (17) , and substitutions to this motif (SDD1328AAA) abolish eGFP production (Fig. 1B) .
To characterize L structurally and biochemically, we purified the full-length protein from insect cells infected with a baculovirus vector (Fig. 1C) . Establishment of an in vitro RNA synthesis assay, demonstrated that purified L possesses catalytic activity (Fig. 1D ). This activity is greatly stimulated in the presence of GpC dinucleotide primer, as reported for RNA synthesis using cell extracts (10) . Identical to the cell-based assay, the SDD mutation abolished RNA synthesis in vitro (Fig. 1D) .
Highly purified, functional MACV L offered the opportunity to probe the structure of a segmented negative-sense L protein. EM images of L in negative stain showed monodispersed particles, permitting us to calculate averages that revealed a core ring-like domain decorated by appendages ( Fig. 1E and Fig. S1 ).
As other RdRPs have been shown to have ring-like structures (18) , the core ring likely contains the RdRP activity, and flexibility results in multiple orientations of the arm-like domain (Fig.  1E ). Since earlier work suggested that the polymerase may be involved in inter-termini interactions of arenaviral RNA segments ( Fig. 2A) (12, 15) , we next investigated potential sequence-specific interactions between purified polymerase and the RNA termini.
Formation of a Polymerase-Template Complex in Vitro. Using short RNA probes that correspond to the 3′ and 5′ genomic termini ( Fig. 2A) , we established an electrophoretic mobility shift assay for L template recognition. In the absence of competing RNA, L formed a complex with both probes (Fig. 2B) . The L-3′ complex migrates slower than L-5′ complex, possibly due to differences in RNA sequence or alternatively distinct interactions with L (discussed in more detail below). Excess unlabeled 3′ RNA competed formation of the L-3′ complex, but a control RNA transcript (9z) or tRNA did not (Fig. 2C) . Conversely, 9z and tRNA inhibited interaction with the 5′ terminus (Fig. 2C) . The affinity of L for each terminus was determined by measuring equilibrium saturation binding, and L exhibited a stronger affinity for the 3′ RNA (149.9 ± 13.12 nM) than the 5′ terminus (229.1 ± 32.18 nM) (Fig. S2) . Complex formation requires L (Fig. 2B) , and its presence is verified by a shift in mobility upon addition of an antibody against the FLAG tag appended to the C terminus of L (Fig. 2D) . The RNA was cross-linked to L upon exposure to ultraviolet radiation, further confirming that the complex contains L and RNA (Fig. 2E ). These experiments demonstrate that L readily forms a sequence-specific complex with the 3′ terminus, whereas only a lower affinity interaction occurs with the 5′ end.
Template Requirements for Polymerase Binding. To probe the sequence requirements for L-3′ RNA interaction, we generated templates containing single-nucleotide substitutions at positions 1-7 (Fig. 3A) . We chose these positions, because both a 10-nt 3′ RNA containing the correct sequence at positions 1-7 and a 19-nt 3′ RNA containing mutations at positions 8-19 bound with similar affinity as the 3′ 19-nt RNA ( Fig. 3B and Fig. S3A ). A single G3C mutation within this region abolished RNA synthesis in a LASV replicon system (16) , and this mutation also inhibited recognition of the 19-nt MACV promoter sequence in vitro (Fig.  3B) . Using a panel of 21 19 -nt templates in which the sequence at position 1-7 was individually substituted for each possible nucleotide, we found that positions 2-5 contained important determinants of L binding ( Fig. 3 B and C). Consistent with their critical nature for L-RNA recognition, mutations at these positions also disrupted RNA synthesis in the cell-based replicon assay, confirming the importance of L-RNA interactions reconstituted with purified components (Fig. S4) . These experiments define a primary element at positions 2-5 of the 3′ promoter, 
3′ HKUG 5′
(where H and K represent "not G" and "G or U," respectively), which is required for efficient L binding. Although the 5′ RNA formed a lower affinity interaction with L that was susceptible to competition, we were interested in determining whether L-5′ RNA interactions are also sequencespecific. We observed decreased binding between L and 5′ RNA with severe mutations or truncations at either terminus (Fig.  S3A) . These results indicate potential sequence-specific features important for L-5′ complex formation, yet individual adenosine mutations at each position failed to identify a specific motif (Fig.  S3B) . Thus, 5′ RNA binding occurs through low-affinity interactions that are resistant to single-nucleotide mutations but not excess nonspecific RNA, and is distinct from L-3′ RNA complex formation.
Polymerase Template Recognition Requires the Correct Positioning of the Sequence Element in Relation to the 3′ End. We hypothesized that the inhibitory nature of the C2G mutation may reflect the presence of three G's at the 3′ end of the template or the involvement of C2 in a base-pairing interaction with G5. Combining the C2G substitution with G1U or G5C failed to rescue the binding defect associated with C2G, indicating the guanylate is directly inhibitory (Fig. S5) . The recognition element for L was sensitive to displacement from the 3′ terminus. Insertion of two or three adenylates at the 3′ terminus reduced template binding, whereas insertions at positions 6-8 had no such effect (Fig. S5) . These data suggest that L binds to a linear sequence at the 3′ genomic RNA terminus.
Complex Formation with L Requires RNA Single-Stranded Nature. The prevailing model for RNA synthesis involves the formation of a termini dsRNA panhandle structure ( Fig. 2A) . Annealing the 3′ probe to excess 20-nt 5′ RNA, or 19-nt 5′ RNA lacking the nontemplated guanylate (5′Δ), inhibited L binding (Fig. 4A) . To verify inhibition of 3′ RNA complex formation occurred through dsRNA formation and not by direct binding site competition with excess 5′ RNA, we used an additional 3′ probe that retains the high-affinity binding motif but harbors mutations at positions 8-19 (3′M) . Competition experiments demonstrated that 3′M no longer forms dsRNA and is now resistant to 5′ RNA inhibition (Fig. 4B) . Additionally, complex formation between L and labeled 5′ RNA is more resistant to 3′M competition than the pGEM9z transcript or tRNA (Figs. 2C and 4B) . As L has a higher affinity for the 3′M probe than 5′ RNA (Fig. S3A) , these wt G1 C2 G3 wt U4 G5 U6 C7 results indicate that the 3′ and 5′ RNAs are likely interacting at separate RNA-binding sites. The presence of both 3′ and 5′ RNA results in altered mobility of the L-RNA complex (Fig. 4) , indicating that variations in complex mobility may represent alternative L-RNA bound states. Inhibition of 3′ RNA recognition was also observed when dsRNA was formed with a truncated 5′ RNA (5′ 6) corresponding to nucleotides 6-19 of the genomic 5′ end (Fig. 4C ). By contrast, duplexes formed with further truncated (5′ 8, 10, or 13) or mutated (5′M) RNA did not diminish L binding (Fig. 4C) . These data show that the single-stranded nature of the genomic 3′ terminus is an important determinant of L protein binding and suggest that a complete panhandle structure would inhibit polymerase recruitment.
Discussion
We present the purification of a segmented negative-sense viral L protein and demonstrate the ability to recapitulate both catalytic and RNA-binding activities in vitro. Additionally, the EM images of MACV L presented here provide a view of the overall architecture of a segmented negative-strand RNA viral L protein and are a useful framework on which to assemble the structure of this class of viral polymerases. By reconstituting MACV polymerase-template complex assembly in vitro, we demonstrate that ssRNA character and a conserved 3′ N 1-2 HKUG motif are critical for 3′ promoter recognition by L. We integrate our structural and biochemical findings together with those obtained by using cell-based RNA synthesis assays to provide information regarding the assembly of the arenavirus polymerase-template complex and initiation of RNA synthesis. Our findings are directly relevant to the understanding of Ltemplate complex assembly for arenaviruses and bunyaviruses and will likely share parallels with viruses in the order Mononegavirales.
Biochemical and Structural Characterization of the L Protein. The purification of functional MACV L provides the opportunity to study arenavirus RNA synthesis reconstituted from purified components. RNA synthesis can be achieved with only L, a 19-nt 3′ RNA template, and NTPs, but is enhanced by GpC primer (Fig. 1D ). This activity is abolished by mutations to a conserved SDD triad and supports the prediction that these residues are catalytically important for magnesium-ion coordination (17) .
In addition to conserved catalytic motifs, homology with other template-dependent RNA polymerases has permitted structural modeling of the core L RdRP domain (17, 19) . However, no structural data exists for any L protein. The EM averages of MACV L reveal a core ring domain decorated with two small globular appendages and a larger arm-like domain (Fig. 1E and  Fig. S1 ). The core ring is ≈79 by 88 Å with a central channel 21-25 Å in diameter (Fig. 1E ). As this ring is similar to the ring-like RdRP of reovirus and rotavirus (≈76 by 82 Å), it is likely to represent the MACV RdRP (18, 20, 21) . These dimensions would then suggest that the genomic RNA must be released from NP before entry into the central channel.
We speculate that the domains decorating the core ring structure (Fig. 1E and Fig. S1 ) reflect accessory functions of L such as recognition and cleavage of host mRNA cap structures (8) . The variation in appearance is consistent with the notion that flexible linkages within L connect the cap snatching activity and the RdRP. Such flexibility may permit the arm-like domain (Fig. 1E, Lower) to fold back onto the ring domain, resulting in a more globular appearance (Fig. 1E, Upper) . We predict that the core RdRP domain will be maintained among all negativestrand RNA virus L proteins, whereas the accessory domains will vary, particularly between L proteins that catalyze cap synthesis (order Mononegavirales) (22, 23) and those that scavenge host mRNA cap structures (families Arenaviridae and Bunyaviridae) (7, 8, 24) . Further support for these conclusions arises from parallel experiments with the L protein from a nonsegmented negative-sense RNA virus, vesicular stomatitis virus, where deletion fragments have mapped the RdRP to a similar ring domain and the capping apparatus to a different set of appendages (25) . Although we cannot yet formally assign a function to any domain within the MACV L class averages, this initial glimpse at the overall architecture of L provides the groundwork to begin more detailed structural analysis.
RNA Template Discrimination. We provide direct biochemical demonstration that L forms a complex with the genomic RNA termini (Fig. 2) . L forms a high-affinity, sequence-specific complex with 3′ RNA but interacts with the 5′ terminus with lower affinity (Fig. 2 and Figs. S2 and S3) . The lower affinity binding of the 5′ terminus by L contrasts with the polymerase of influenza A virus (26, 27) . For influenza A virus, interactions between the PB1 subunit of the polymerase and the 5′ terminus activate an mRNA cap-binding domain, indicating an alternative mechanism may exist for L (28, 29) . Interactions with the 5′ terminus also regulate polyadenylation by the influenza A virus polymerase (30) . Since arenaviral mRNAs are not polyadenylated and instead terminate at an internal hairpin, specific recognition of the 5′ end may not be required (6) . As the placement of NP protein is unknown and these assays are not in the context of a full-length genomic segment, it is possible that other factors influence interactions with the 5′ terminus. However, once potential dsRNA interactions are abolished, the 3′ and 5′ RNA probes do not compete one another (Fig. 4 and Fig. S2 ); indicating that, as with influenza A virus polymerase-termini interactions, distinct RNA-binding sites may exist (27) . Additionally, while affinity of L for the 3′ RNA is contained within a short linear sequence motif, binding of the 5′ RNA appears to be dependent on complex low affinity interactions that may explain why they are more easily competed by nonspecific RNA (Fig. 2C and Fig. S3 ).
L-3′ RNA binding requires a sequence and locality-dependent motif (3′ N 1-2 HKUG 5′) (Fig. 3 and Fig. S5 ). Mutations to this sequence disrupt cell-based RNA synthesis in both MACV (Fig.  S4 ) and LASV (16) . The MACV termini have not been directly sequenced, but this motif is conserved in all experimentally determined arenavirus termini, including the closely related Junín virus (31) . Mutations outside of this motif are tolerated for template recognition in vitro (Fig. 3 and Fig. S3 ), but single substitutions within the conserved 3′ 19-nt promoter still inhibit replicon-based RNA synthesis (Fig. S4) (16) . A 3′ RNA U6G mutation, which naturally occurs in the S segment antigenomic promoter, resulted in slight inhibition of L binding (Fig. 3C) . This variation may help account for altered promoter strength between genomic and antigenomic templates, but further experiments are required to fully address the effect of this position on viral transcription. Although it is possible that the exact requirements for promoter recognition extend beyond the conserved 3′ C 2 G 3 U 4 G 5 binding site identified here, other conserved regions are likely more important for events downstream of template recognition.
Sequence-specific recognition of an internal 3′ motif is shared by other RNA viruses including rotavirus and the phage Φ6 (21, 32). Rotavirus VP1 recognizes a nearly identical 3′ GUG motif, suggesting that interactions in the entry channel of VP1 may parallel the template-binding site of MACV L. After RNA binding, rotavirus VP1 is thought to undergo a VP2-mediated structural rearrangement that repositions the template for initiation (21) . In an analogous repositioning, L may prime at the G 3 U 4 G 5 motif before realigning the template to initiate synthesis at the extreme 3′ terminus. This suggestion is consistent with the prime-and-realign model of RNA synthesis in which L initiates on the cytosine at position 2 to create a pppGpC primer that is realigned so that the underlined C is opposite the 3′ terminal G (10) . Our data also support this model of initiation because RNA synthesis with purified MACV L is greatly stimulated by the addition of GpC primer (Fig. 1D) . As insertions greater than a single nucleotide at the 3′ terminus (Fig. S5 E and  F) were not tolerated by L, limits to template recognition could play a role in dictating the L active site position and internal priming event. Following initiation, structural organization of the RNA binding cavity would then guide realignment of the initiation complex.
S Segment
Promoter Complex Assembly. For arenaviruses and bunyaviruses, the potential dsRNA structure formed between genomic termini ( Fig. 2A ) is thought to be required for recruitment of L (33, 34) . Our findings are incompatible with the direct interaction of L with this structure, as duplexed RNA inhibits L binding to the 3′ terminus (Fig. 4) . Single-stranded RNA character is essential for L-RNA complex formation in vitro, yet potential base pairing interactions between positions 13-19 of the termini are important for efficient LASV replicon-based RNA synthesis (16) . Our work demonstrates that dsRNA character in this region does not impact L recruitment (Fig. 4) , suggesting that the termini would only need to be partially unwound to accommodate L binding (Fig. 5) . Relative dsRNA character within the promoter may regulate polymerase transcriptional activity and shield the L binding site. Consistent with this idea, mutations to positions 6 and 8 of the LASV 3′ terminus that restore interactions with the 5′ terminus inhibit gene expression (16) . Instead of polymerase recruitment, we suggest that the panhandle structure may facilitate ongoing RNA synthesis. The events after initiation are unknown, but a dsRNA panhandle structure may serve to maintain the termini in close proximity so that as L completes RNA synthesis it is able to reengage the high-affinity 3′ terminus binding site. Through this process, the combination of a lower affinity of L for the 5′ terminus and dsRNA interactions between termini may facilitate polymerase reloading (Fig. S6) . The ability to recapitulate arenaviral RNA synthesis from purified components offers the opportunity to begin testing these models.
Applications of the Reconstruction of MACV RNA Synthesis. Our electron microscopy characterization provides an architectural map of an arenavirus L that reveals a structural organization potentially shared by all negative-strand RNA viral L proteins. Combined with in vitro RNA synthesis, assembly of the polymerasetemplate complex and a complementary cell-based replicon assay, this work represents a significant technical advancement in our ability to dissect mechanistic details of arenaviral RNA synthesis. Additionally, MACV and other New World hemorrhagic fever arenaviruses cause severe disease and represent an important class of emerging human pathogens (35) . The tools developed here are readily adaptable for high-throughput screening and represent an important step along the path to rescue of recombinant MACV from cDNA. The 19-nt promoter element is conserved among all viruses of the Arenaviridae family, suggesting that recognition of the 3′ motif occurs through shared properties of the cognate L proteins. This highly conserved protein-RNA interface may thus represent an attractive therapeutic target.
Methods
Protein Purification and Single-Particle Electron Microscopy. MACV L was expressed with a recombinant baculovirus and purified from Sf21 cells as described in SI Methods. Purified L samples were adsorbed for 10 s to glowdischarged, carbon-coated copper EM grids and stained with 0.75% (wt/vol) uranyl formate as described (36) . Images were collected on a Tecnai T12 electron microscope and recorded on imaging plates at 67,000× according to SI Methods. A total of 8,871 particles were interactively selected by using BOXER (37) . Individual particles were windowed into 80 × 80 pixel images by using SPIDER (38) , rotationally and translationally aligned, and subjected to 10 cycles of multireference alignment. Each round of multireference alignment was followed by K-means classification into 100 classes.
L-RNA Gel Shift Assay. The 7-nt 3′ RNA and pGEM9z probes were prepared as described in SI Methods; all other 3′ and 5′ RNA probes were chemically synthesized (IDT). RNAs were labeled with T4 PNK (NEB) and [γ-
32 P]ATP for 1.5 h at 37°C before phenol-chloroform extraction and ethanol precipitation. Labeled RNA (6 pmol) was denatured at 65°C for 3 min and cooled on ice. Binding buffer [50 mM Tris·HCl at pH 7, 40 mM NaCl, 5 mM Mg (OAc) 2 , 10 mM KCl, 1 mM DTT, and 0.1 mg/mL BSA (NEB)] was added and included 10 μg of yeast tRNA (Sigma) only when indicated. In a final reaction volume of 10 μL, 0.15 μg of purified L was added and reactions were incubated at 25°C for 30 min before separation on a 6% nondenaturing polyacrylamide gel. For supershift reactions, complexes were incubated with 2 μg of α-Flag M2 antibody (Sigma) for 10 min before separation. Alternatively, reactions were cross-linked in the presence of 10 μg of yeast tRNA for 15 min with a 254nm UV light positioned 5 cm away, and samples were denatured and separated by 10% SDS/PAGE. Dried gels were visualized with a PhosphorImager and quantified by using ImageQuant (Amersham). Where indicated, dsRNA duplexes were formed by heating 6 pmol labeled 3′ RNA with 18 pmol unlabeled 5′ RNA to 95°C for 5 min in 10 mM Tris at pH 8 and 5 mM NaCl and cooled to 4°C at 0.1°C/s.
In Vitro RNA Synthesis. Unlabeled 19-nt 3′ RNA was denatured at 65°C for 3 min and cooled on ice. Transcription buffer [50 mM Tris·HCl at pH 7, 40 mM NaCl, 5 mM MnCl 2 , 10 mM KCl, 1 mM DTT, and 0.1 mg/mL BSA (NEB)] was added and, in a final reaction volume of 10 μL, 0.35 μg of purified L was added and reactions were incubated at 25°C for 30 min. After initial incubation, 1.0 μL of [α-32 P]GTP (≈10 μCi) was added to each reaction, followed by the addition of cold NTPs (1 mM ATP/CTP/UTP) where indicated, and reactions were incubated at 30°C for 2 h. Where indicated, reactions included 40 μM GpC dinucleotide primer (Dharmacon). Reactions were treated with 8 units of alkaline phosphatase (NEB) at 37°C for 45 min and then 2.4 μg of proteinase K (Sigma) at 45°C for 45 min followed by phenol-chloroform extraction and ethanol precipitation. RNA was washed 3 times with 70% ethanol and resuspended in 10 μL of dH 2 O before separation by denaturing 20% polyacrylamide gel electrophoresis.
